Measuring centimeter-scale and smaller surface changes by satellite-based systems on the periglacial terrains and permafrost zones of the northern hemisphere is an ongoing challenge. We are investigating this challenge by using data from the NASA Ice, Cloud, and land Elevation Satellite Geoscience Laser Altimeter System (ICESat GLAS) and the JAXA Advanced Land Observing Satellite Phased Array type L-band Synthetic Aperture Radar (ALOS PALSAR) on the continuous permafrost zone of the North Slope, Alaska. Using the ICESat GLAS exact-repeat profiles in the analysis of ALOS PALSAR InSAR Line-Of-Sight (LOS) changes, we find evidence of volume scattering over much of the tundra vegetation covered active-layer and surface scattering from river channel/banks (deposition and erosion), from rock outcropping bluffs and ridges. Pingos, ice-cored mounds common to permafrost terrains can be used as benchmarks for assessment of LOS changes. For successful InSAR processing, topographic and tropospheric phase cannot be assumed negligible and must be removed. The presence of significant troposphere phase in short-period repeat interferograms renders stacking ill suited for the task of deriving verifiable centimeter-scale surface deformation phase and reliable LOS changes.
Introduction
Satellite-based interferometric SAR (InSAR) needs at least two data acquisitions by orbital passes over the re-
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NASA Ice, Cloud and land Elevation Geoscience Laser Altimeter Mission
The NASA Ice, Cloud and land Elevation (ICESat) mission was launched in January 2003 from Vandenberg Air Force launch complex, California. The mission generated light detection and ranging global datasets for study of ice sheet, land and ocean surface changes, cloud-aerosol incidence and vegetation biomass properties [14] . The principal measurement instrument onboard ICESat was the Geoscience Laser Altimeter System (GLAS) [15] . GLAS utilized three lasers each with a green (532 nm) and red (1064 nm) channel. ICESat's 600 km altitude sun-synchronous polar orbit covered the Earth from 86˚N to 86˚S latitude in a period of 97 minutes or 14.8 orbits per day [15] . The original mission concept called from laser altimetry acquisitions (3 lasers) on 8-and 91-day repeat cycles over the expected lifetime of 3-years. On day-38 of data acquisition in March 2003 Laser 1 (L1) experienced electronic failure (component degradation). After almost one year operation of Lasers 2 (L2) and 3 (L3) were rescheduled into roughly 30-day intervals within the 91-day repeat cycle to mitigate degradation and acquire the primary datasets of ice sheet surface elevation and changes relative to their mass-balance cycles. This change of plan extended the data acquisition phase of the mission far beyond the original goal of 3-years. In early October 2009 the data acquisition phase of the mission ended with the failure of L2, which had been re-started after the failure of L3. ICESat was decommissioned in February 2010. Managed atmospheric reentry over the Pacific Ocean occurred in August 2010 1 . The GLAS lasers pulsed at 40-times per second at the 532 nm (atmosphere channel) and the 1064 nm (land elevation channel) [15] . The footprint diameter varied from about 60 m to 70 m in a nominal-circular area. Footprints were displaced from centroid-to-centroid by about 170 m along the surface-track. Onboard Global Positioning System (GPS) dual-JPL receivers with dual-channel capability, star-camera and retro-reflector cones (satellite laser ranging) provided for precise attitude, location, pointing and timing of the satellite and lasers. During the mission corrections to the GLAS data include orbit, atmosphere and tides and post-mission corrections include for timing, range drift and atmosphere ( Table 1) . This allows the ICESat instantaneous-inertial reference frame to the mapped to the International Terrestrial Reference Frame (ITRF). Calibration-validation campaigns during the mission show accuracy and precision better than 0.05 m [14] [16] . Processing and refinement continue post-mission with improvements of the error budget knowledge 2 . For this investigation, Figure 2 , we use the global elevation data GLA06 as in our previous investigations of glacier mass balance, frozen tundra-lake surface elevations (snow depth variations) and river-ice surface elevation variations forced by Laptev Sea tides ( Table 2 ) [16] - [20] . For consistency checking we used GLA06 at versions 28 through 48 at quality levels 4 (previous) and 6 (current) for the GLAS campaigns L2 and L3, which constitute precise-repeat geolocaiton less than 5-meters of the footprint-to-footprint centroids. Geolocation is by World Geodetic System reference ellipsoid WGS-84 and elevation is by Earth Geopotential Model-1996 (EGM96) and consistent with ITRF Epoch 2010 3 .
JAXA Advanced Land Observing Satellite Phased Array Type L-Band Synthetic Aperture Radar
The JAXA Advanced Land Observing Satellite (ALOS) mission was launched in January 2006 from the Tane- gashima Space Center, Kyushu, Japan. ALOS carried three observation instruments, two electro-optical and one Synthetic Aperture Radar (SAR) for cartography, land cover classification and disaster monitoring 4 . The ALOS sun-synchronous polar orbit covered the Earth from 82˚N to 82˚S latitude in a period of 99 minutes or 14.6 orbits per day [21] . The product requirement of the mission called for providing user communities (cartography, geodesy, environment and resource monitoring) with panchromatic and multi-spectral and SAR datasets capable of producing 1:25,000 scale maps with 2.5 m horizontal resolution with 3-to-5 m vertical accuracy [21] [22] . The mission data acquisition lifetime was planned to be for 3-years with a goal of reaching 5-years. Data distribution was accomplished by continental-based intergovernmental agreements [23] . For North and South America (Americas ALOS Data Node) was facilitated by NOAA with the Alaska Satellite Facility, GeophysicalInstitute at the University of Alaska, Fairbanks [4] . In April 2011, a power failure occurred rendering communications inoperative. On 12 May 2011, JAXA retired ALOS operations and ended the mission.
The SAR instrument onboard ALOS is the Phase Array type L-band Synthetic Aperture Radar (PALSAR) developed by JAXA, Japan Resources Observation System Organization and the Ministry of Economy, Trade and Industry [21] - [24] . The ALOS PALSAR and orbit constraints were designed to be the first space-borne L-band SAR capable of globally monitoring slow crustal deformation, i.e. types of creep and accumulated small displacements along and lateral to a fault [25] . PALSAR operated with full polarization from single HH (Horizontal send/receive) to VV (Vertical send/receive) and dual HH+HV or VV + VH and quad-pol, 8˚ to 60˚ offnadir incident angle, 28 [24] . Radiometric accuracies of 1 dB per scene and 1.5 dB per orbit were achieved. The ALOS attitude, orbit and control system included a star-camera, dual-frequency GPS unit and a square corner retro-reflector that allowed for spacecraft position accuracy of 1 m and ground-track geolocation accuracy of 3 to 7.5 m [21] - [24] . Therefore, the quality (e.g. coherence/incoherence) of interferometric pairs varies from pair-to-pair.
Using multiple survey-grade GPS stations, precisely located corner reflectors and groups of two-pass InSAR interferograms the absolute accuracy [total error] of PALSAR Line-Of-Sight (LOS) difference (i.e. change) is 74 mm [25] . Variation of tropospheric water vapor, pressure and temperature affecting the optical path during multi-pass SAR acquisitions can contribute about 20 mm to the total LOS difference error [26] . These affects are independent to those of the upper atmosphere such as Faraday rotation and Total Electron Content that also affect the optical path and contribute to the total error. A contribution of about 3 mm per 10 m of topographic error (vertical) to the total LOS difference error can be made during InSAR processing, stressing the need for a high-accuracy Digital Elevation Model (DEM) to remove the topographic phase during InSAR processing [25] .
In our investigation we use pairs of PALSAR FBD and FBS granules in ascending and descending paths for Interferometric SAR (InSAR) processing, Figure 2 . Covering the Anaktuvuk wildfire scar area we use four FBS granules and covering the Barrow area we use three FBD and one FBS granules ( Table 3) . Our InSAR processor converted a matching FBD granule to an FBS granule to form an InSAR-pair, giving two consecutive interferograms. Our FBD and FBS granules have off-nadir angles of 34.3, indicating the critical perpendicular baselines are 6.5 km for FBD and 13.1 km for FBS. All of our FBD and FBS granules have perpendicular baselines far below the critical values.
The InSAR Processor we use is the GMTSAR, C-code routines that incorporates the SNAPHU unwrapper and the Generic Mapping Tools (GMT) C-code routines and scripts [27] - [30] . GMTSAR, SNAPHU and GMT are open-source community projects and maintained regularly since 1991 (GMT), 2010 (GMTSAR) and 2002 (SNAPHU). The University of Hawaii Mānoa, Honolulu, University of California San Diego and Stanford University hold the open-source copyrights, respectively. Parts of the SNAPHU code derive from the CS2 minimum cost solver (A.V. Goldberg and B. Cherkassky) is governed with evaluation-permission to use by IG Systems, Inc., 1995 [28] . The National Science Foundation Directorate for Geosciences has been an active supporter of the development, distribution, documentation and maintenance of GMT since 1993 [30] .
In our InSAR processing on the permafrost terrains of the north slope of Alaska we use two DEMs to explore the affects to interferograms from topographic phase. Our test show that the Altimetry Corrected Elevation Global DEM version 2 (ACE2) performs best on the very low relief of the outer coastal plain and the ASTER Global DEM version 2 (AGD2) performs best on the on the higher relief of the coastal foothills and the Brooks Range [31] - [33] . This performance-quality difference is an expression of the different production standards and techniques of the DEMs, e.g. ERS 1/2 and Envisat nadir-microwave altimetry applied to the GTOPO30 (latitudes beyond 60˚N-to-60˚ S) to produce ACE2 and nadir-off angle stereogrammetry to produce AGD2.
Results
Our results of this research investigation of land-surface changes GLAS elevation differences and PALSAR LOS changes, in-and out-side of the Anaktuvuk wildfire scar are summarized in Figure 3 and Figure 4 and Table 4 and Table 5 . Figure 3 illustrates the PALSAR LOS change maps covering the upper and lower half of the wildfire scar and the GLAS elevation difference (rendered as LOS changes). Annotated are pingos (ice-cored mounds) whose stable positions we use as natural benchmarks. Of the five pingos (about 100 m diameters) three have coinciding LOS changes and two others have only incoherent pixels. Black-bars on the LOS change scales represent the absolute LOS error of 74 mm [25] . The overpass periods for ALOS PALSAR and ICESat GLAS are given in Figure 3 . Two of the GLAS exact-repeat difference profiles are from acquisitions before and two overlap the ALOS PALSAR acquisitions. All ICESat GLAS acquisitions occurred before the Anaktuvuk wildfire.
The ICESat GLAS elevation differences (recast as LOS change) show greater magnitudes than the ALOS PALSAR LOS changes, Figure 3 . In the given scales the ICESat GLAS elevation changes cluster beyond the red-bound of LOS range decrease (rising scatters) and beyond the blue-bound of LOS range increase (lowering scatters), assuming a stable orbit. ICESat GLAS acquisitions during and after the wildfire were not successful due to blockage by fire smoke and cloud cover.
Outside the wildfire scar ALOS PALSAR shows clusters of LOS range changes, decrease and increase, that are above error, Figure 3 . These clusters are notable in size at the northern scar extent, the northwest and southwest scar extent and in a region east of the scar extent by several kilometers in both granule-pair LOS change maps. The rivers marking the east and west physical bounds of the wildfire scar have LOS changes (decrease and increase) above error. Within the wildfire scar very few pixels have coherence and measurable LOS range changes. Figure 4 illustrates ICESat GLAS elevation profiles, elevation difference profiles (upper half) and ICESat GLAS footprint centroid geolocation coordinates to extract ALOS PALSAR LOS changes (lower half) for comparison. The top-most panels are elevation profiles for the given acquisition date of one of the exact-repeat pairs. Below the top-most panels are the elevation difference profiles, having a low-pass filter applied for outlier removal. The red-dash lines represent snow thickness difference by way of the ICESat overpass dates from snow thickness measurements at Franklin Bluffs permafrost borehole station site (FB) east of the wildfire scar and Table 5 are shown. Black-bars on the LOS change map scales show the range of absolute error (74 mm) [25] . Dates are giver for the ALOS repeat-overpasses and ICESat exact-repeat overpasses. Difference in snow thickness is by later-date minus former-date.FBW (UAF Geophysical Permafrost Laboratory/GTN-P) and U24 (USGS DOI/GTN-P).
from Umiat USGS site (U24) west of the wildfire scar (see Figure 1 for site locations and Table 4 for values). The comparison confirms that ICESat GLAS elevation differences are in response to snow thickness differences (i.e. thickness change, on average) at the pair-wise overpass times (Figure 4 and Table 4 ). Figure 4 . Analysis of co-located ICESat GLAS elevation profiles, elevation difference (i.e. changes) profiles, ALOS PALSAR LOS change profiles and slope-corrected (regression de-trended) PALSAR LOS change profiles compared with GLAS elevation difference profiles. Red-dash lines (next to top-most profiles) correspond to snow thickness change from Franklin Bluffs (FBW) and Umiat (U24) as in Table 4 . Red-circles (above lower most profiles) identify LOS changes above total error corresponding to riverbank deposition (negative) and erosion (positive). Black-dash lines (lower most profiles) correspond to average GLAS elevation changes. (Figure 4 lower half panels). The plots with circles and least squares regression lines show the LOS range changes that are greater than the total error. These LOS changes correspond to the locations where riverbanks occur. This indicates that LOS decrease (i.e. rising scatters) corresponds to locations of sediment deposition and LOS increase (i.e. lowering scatters) corresponds to locations of sediment erosion along riverbanks. The least squares regression lines indicate gradients that could correspond to re sidual topography phase or atmospheric phase, possibly both, not accounted for in the InSAR processing. In the bottom most panels we de-trend the PALSAR LOS changes by the least squares regressions and compare again to the GLAS elevation differences (low pass filtered). The gray dashed lines correspond to GLAS elevation difference averages ( Table 4) . We note that LOS changes at the sites of pingos ( Table 5) show bias of 0.02 ± 0.02 m within the total error. This indicates the PALSAR LOS changes, other than those on riverbanks and region clusters as previously noted, do not correspond to surface scatters; rather these LOS changes correspond to volume scatters (by way of the short tussock vegetation and shallow sub-ground within the active-layer, i.e. seasonally unfrozen soil). Therefore volume scattering acts to increase the path length of the radar signal and dissipates the radar energy and power of the backscatter signal response.
Discussion
The Anaktuvuk wildfire scar and surrounding region shown in Figure 1 and Figure 4 resides within the Colville Basin, a foreland fold-fault structure fronting the folded thrust sheets of the Endicott Mountains Allochathon of the Brooks Range [34] . Near Umiat there are three at depth gas accumulations, one oil accumulation (test drilled) and one active gas well. The region between Franklin Bluffs to Umiat has 13 abandoned wells [34] . The surficial geology of this region consists of undifferentiated Holocene and Pleistocene fine-grained, organic-rich silt, loess, and local colluvium and fine-grained alluvial sand and silt in areas adjacent to upland slopes and river courses consisting of alluvial-glacial sand, silt and gravel, landslide (from active-layer slides and regressive thaw slumps) and reworked sand-silt deposits [34] [35] . Along the course of the Anaktuvuk River that forms the west-side boundary of the Anaktuvuk wildfire scar occur outcrops (bluffs) of the Cretaceous-Tertiary Prince Creek Formation (upper part dominated by fine-grained sandstone with interlayered silt-carbonaceous shale, thin coal beds and basal conglomeratic sandstone) [35] [36] . This formation outcrops as ridges adjacent to the north side of the scar [35] [36] .
The active-layer thickness on the terrains of the North Slope is typically about 0.5 m with small centimeter-scale variations near the coastal lowlands and through the foothills terrain (FB and U24 sites) [37] . During early-June the shallow 0.1 m depth soil moisture-water volume fraction (wvf) changes the most on a per day basis because of rapid thawing. Saturation occurs at 0.45 wvf at FB and 0.52 wvf at U24 near mid-June of any year [38] . Thus the near-surface soil moisture change at both sites is near 0 wvf during the ALOS June 2006 and 2010 overpass interval. Figure 5 illustrates the coherence maps of the PALSAR granule-pairs. InSAR phase coherence, |γ| a function of value zero (no coherence) to 1 (maximum coherence) is defined by the magnitude of the pixel-level crosscorrelation of two co-registered complex images [39] . The physical nature of phase coherence derives from thermal, spatial and temporal coherence functions,
Thermal and temporal coherence derive from the characteristics of the ALOS orbit and PALSAR such that |γ thermal | ~ 1 and |γ temporal | ~ 1 [39] . The physical nature of spatial coherence derives from surface and volume scatters such that.
This we can decompose into two relationships:
volume spatial surface
These relationships allow for the interpretation of the mutual contribution of surface scatters and volume scatters to the magnitude of phase coherence (1) . As the thickness of the volume (and volume parts, one from tussock and one from shallow soil) increase, the corresponding coherence decreases (mostly volume scatters, i.e. |γ surface | is minimized) and as the thickness of the volume (and parts) decrease, the corresponding coherence increases (mostly surface scatters, i.e. |γ surface | is maximized). This allows for a rational of why the PALSAR LOS changes, with a few exceptions at river channels/banks and rock outcrops are near zero (mostly volume scatter sources) while the GLAS elevation changes are of much greater magnitude (surface scatter sources). This is a way of saying that the function of volume scattering is to increase the radar path length and dissipate energy, thus diminishing the power of the radar return echo.
In the results and as illustrated in Figure 4 , we de-trended the profiles of PALSAR LOS changes. We noted slopes as detected could be of a residual topography phase or perhaps an atmosphere phase not accounted for in the InSAR processing. We will now use 94-and 47-day separation InSAR granule-pairs on the Barrow peninsula of Alaska, Figure 2 , to illustrate the contribution of atmospheric phase, i.e. tropospheric phase, to the interferograms and resolving this contribution using NOAA National Centers for Environmental Prediction (NCEP) reanalysis troposphere pressure data, Figure 6 and Figure 7 . Figure 6 shows the Barrow region PALSAR 47-day granule-pair LOS change map with an ICESat GLAS elevation change (rendered as LOS changes). We extract the PALSAR LOS changes coincident with the ICESat GLAS exact-repeat footprint centroid coordinates for comparison. GLAS elevations indicate low tide on the Meade River ice-covered channels connecting to Admiralty Bay (30 km mark) and Chukchi near shore sea ice (90 km). We validated the low-tide condition using NOAA Barrow-Offshore station (#9494935) verified data for 12 December 2008. Tide variation measurements by ICESat GLAS have been analyzed and reported for the ice-covered channels of the Lena Delta and near-shore ice-cover of the Laptev Sea [20] . The LOS changes indicate a strong gradient (i.e. ramp) oriented to the northeast Beaufort Sea coast. The LOS changes are positive, indicating the distance from ALOS to the ground is increasing. If the ALOS orbit is not contributing to the LOS changes, then we can interpret that the surface of the Barrow region is sinking toward the Chukchi Sea coast. This is physically unreasonable. Unwrapped phase and LOS change ramps have been derived before using ERS Tandem Mission SAR data for InSAR processing of digital elevation models [16] . The gradient does not correspond to topography, i.e. topographic phase (it has been removed) or any other surface scatter source and is not a processing artifact. It does not correlate to the ICESat GLAS elevation changes. However, it does have physical source. This we will explain using Figure 7 . The top of Figure 7 shows the PALSAR granule-pairs LOS change maps at the ALOS overpass times rendering 94-day and 47-day repeat intervals. As before, the topographic phase has been removed. Evident in the LOS change maps are gradients whose orientations are correlated to the overpass interval. The 94-day LOS change map shows the gradient oriented relative to the northwest, Chukchi Sea coast. The 47-day LOS change map shows the gradient oriented northeast to the Beaufort Sea coast. We use NCEP reanalysis of the tropopause pressure field (mb) to compute the anomaly in tropopause pressure (i.e. pressure change) at the dates of the PALSAR granule-pairs. This shows that the LOS gradients are mostly an expression of tropopause pressure changes (gradients in the LOS change maps). Troposphere pressure field, atmospheric moisture and wind fields and their seasonal variations, e.g. non-stationarity, are an expression of the Beaufort Gyre, a well-known atmosphere-ocean pattern of the Arctic Ocean [42] . Troposphere pressure, water vapor and temperature variations serve to alter the optical path of the radar [5] [16] . In regard to the anomalous slopes (i.e. gradients), Figure 4 , in the PALSAR LOS change maps covering the region of the Anaktuvuk wildfire scar, are also an expression of troposphere pressure variations that altered the optic path of the radar during the during the ALOS overpass times, Figure 3 . Therefore our de-trending procedure served to remove the effects of troposphere phase as well as any residual topographic phase from the interferograms and LOS change maps, hence leaving the ground volume scatters (subsurface and vegetation) present.
Our result shows that coherent short-period tropospheric phase will impact interferogram stacking. If tropospheric phase is not removed from each granule-pair interferogram in the stack, then the end product is simply the sum of different tropospheric phases in time and not surface deformation phase. This is a serious limitation to the idea of persistent scatters relative to surface deformation phase in the presence of unaccounted for tropospheric phase. Prior investigations that failed to realize this and in addition to not account for influence of river dynamics, such as spring flooding deposition and erosion, regional geology, analysis of error and establishment of a stable vertical reference leaves their speculations unfounded [43] - [45] .
A final consideration concerns the error budget and how it is determined. To date, all satellite-based SAR operations and InSAR rely on methods and techniques for error analysis of only surface scatters and not volume scatter [25] [26] . At present the error contribution from volume scatters is unknown. This should be a major research priority for the satellite-SAR InSAR community to determine the contribution to the error budget from volume scatter sources.
Conclusion
In this paper, we summarize our research investigation of the ICESat GLAS elevation changes and the ALOS PALSAR LOS changes on the continuous permafrost zone of the North Slope, Alaska. Using the ICESat GLAS exact-repeat profiles in the analysis of ALOS PALSAR LOS changes, we find evidence of volume scattering over much of the tundra vegetation covered active-layer and surface scattering from river channel/banks (both deposition and erosion), from rock outcropping bluffs along river courses and ridges. Pingos, ice-cored mounds common to permafrost terrains can be used as natural benchmarks for assessment of re-peat pass satellite-based InSAR LOS changes in a stable vertical reference frame. For successful InSAR processing, topographic and tropospheric phase must be removed. In particular, tropospheric phase is not negligible over the North Slope, Alaska, and other lowland coastal regions where strong atmospheric-ocean circulations and gyres occur.
